Abstract. Complete blood count is the most common test to detect anemia, but it is unable to obtain the abnormal shape of erythrocytes, which highly correlates with the hematologic function. Tomographic diffractive microscopy (TDM) is an emerging technique capable of quantifying three-dimensional (3-D) refractive index (RI) distributions of erythrocytes without labeling. TDM was used to characterize optical and morphological properties of 172 erythrocytes from healthy volunteers and 419 erythrocytes from thalassemic patients. To efficiently extract and analyze the properties of erythrocytes, we developed an adaptive region-growing method for automatically delineating erythrocytes from 3-D RI maps. The thalassemic erythrocytes not only contained lower hemoglobin content but also showed doughnut shape and significantly lower volume, surface area, effective radius, and average thickness. A multi-indices prediction model achieved perfect accuracy of diagnosing thalassemia using four features, including the optical volume, surface-area-to-volume ratio, sphericity index, and surface area. The results demonstrate the ability of TDM to provide quantitative, hematologic measurements and to assess morphological features of erythrocytes to distinguish healthy and thalassemic erythrocytes.
Introduction
Erythrocytes, commonly known as red blood cells (RBCs), are biconcave in shape to facilitate the diffusion of oxygen and carbon dioxide into and out of the cell. Previous studies have indicated that altered RBC morphology is an important feature in distinguishing a variety of blood-related diseases in the field of hematology. 1 In intrinsic hemolytic anemia such as hereditary spherocytosis, hereditary elliptocytosis, sickle-cell disease, and thalassemia, RBCs show abnormal membrane structure and hemoglobin configuration due to genetic defects and causerelated symptoms in patients. 2, 3 For example, thalassemia causes ineffective erythropoiesis and hemolysis, and the severity of thalassemia is determined by the accumulation of abnormal RBCs with defective α∕β globin chains. 4 Complete blood count is the most common test used to diagnose anemia by measuring the physiological and biochemical properties such as the size, count, and hemoglobin content of RBCs. However, the detailed morphological information about individual cells is unavailable in conventional complete blood count results. For analyzing the shape of RBCs, peripheral blood smear is obtained, stained, and examined with bright-field microscopy. However, the contrast is mainly provided by staining, which is qualitative and may alter the morphology of RBCs. Several advanced optical techniques have been developed to obtain more detailed morphological information of RBCs. In defocusing microscopy, the contrast between bright-field images captured at two different focal planes is used to calculate the RBC thickness profile and volume. 5 To get the precise shape of the RBC, it is necessary to know the refractive index (RI) of the RBC, which can be estimated by imaging a small polystyrene bead in the same field of view as the RBC. However, in clinical applications where RIs of diseased RBCs are highly variable between individual RBCs, it is impractical to measure the RI of each RBC. Scanning flow cytometer (SFC) is a highthroughput technique that automatically quantifies the morphology, RI, and hemoglobin content of individual RBCs at the rate of hundreds of cells per second, making it suitable for clinical applications. 6, 7 SFC obtains the RBC information by fitting measured angular light scattering patterns of RBCs with theoretical values that are obtained using models of normal RBC shape based on minimization of bending energy of the membrane and assumptions about symmetry of RBC shape. Further efforts are needed to extend SFC to profiling diseased RBCs that often present abnormal and/or nonsymmetrical shapes. Similar approaches have been reported to extract the RBC diameter based on angular light scattering patterns of RBCs in microfluidic flows 8 and to extract the volume and surface area of RBCs from polarization characteristics of scattered light. 9 These two methods are limited to known and fixed shapes of RBCs and do not provide RI information.
Recently, label-free quantitative phase imaging (QPI) techniques have been developed to obtain two-dimensional (2-D) phase images, ϕðx; yÞ ¼ ð2π∕λÞ∫ ½nðx; y; zÞ − n 0 dz, of individual cells and tissue slices, where λ is the wavelength of the light source, nðx; y; zÞ and n 0 are the local RI of the specimen and the RI of the medium, respectively. 10, 11 Integrating the phase over the whole area of an RBC phase image yields the socalled optical volume (OV), OV ¼ ðλ∕2πÞ RR ϕðx; yÞdx dy ¼ ðλ∕2πÞ RRR ½nðx; y; zÞ − n 0 dz dx dy. 12 For a homogeneous solution, the increase in RI over the medium RI (n 0 ) is proportional to the mass density or concentration of the solute molecule and is formulated as n − n 0 ¼ αC, where α is the RI increment factor and C is the mass density of the solute, respectively. 13 Therefore, the OV calculated from an RBC phase image has been proposed to assess the dry mass of the hemoglobin in the RBC, assuming that hemoglobin is the dominant constituent of RBCs. 10 The physical thickness and three-dimensional (3-D) RI maps of RBCs can be reconstructed from multiple 2-D phase images acquired at various illumination directions using diffraction tomography techniques. 14 [20] [21] [22] [23] From segmented 2-D RBC images, they estimated various 2-D morphological features. 21 Classifying three typical RBC shapes including stomatocyte, discocyte, and echinocyte using the extracted features was also demonstrated. 23 However, a precise and automatic tool to delineate 3-D RI maps and obtain 3-D morphological properties efficiently is not available.
In this paper, we focused on characterizing the OV and 3-D morphological information of RBCs from patients with thalassemia, one type of hereditary hemoglobinopathy with high prevalence in the world. Morphological features of thalassemic RBCs have not been thoroughly studied without staining. We employed a nearly common-path tomographic microscope recently developed by our group to acquire 3-D RI maps of RBCs obtained from 7 healthy subjects and 27 thalassemic patients. An automatic segmentation method was developed, validated with a numerical phantom, and applied to delineate the 3-D RI maps of the RBCs. We then quantified the OV and various morphological indices of the RBCs. The diagnostic accuracy of using these indices to distinguish thalassemic RBCs from normal RBCs, both at the single-cell level and on the perpatient basis, is presented.
Materials and Methods

RBCs Images Acquisition
To construct a 3-D RI map of an RBC, we acquired a series of 2-D amplitude/phase images of the RBC using a nearly commonpath tomographic diffractive microscope (cTDM). The details of the system setup were described in a previous publication. 24 Briefly, cTDM uses a 532-nm continuous-wave laser to illuminate a semitransparent specimen with a collimated beam. The beam diameter is at least seven times larger than the diameter of the object and constant throughout the thickness of the object. The incident angle is scanned by a single-axis galvanometer mirror (Nutfield Technology Inc.) to be in the range of −65 deg to 65 deg in the medium. The transmitted field through the specimen is collected by an objective lens (Olympus UPLSAPO 100XO, 1.4 NA), interfered with a uniform reference beam, and imaged by a high-speed CMOS camera (GZL-CL-41C6M-C, Gazelle, Point Grey) with a transverse magnification of about 85. The reference beam is generated by a transmission grating located near an intermediate image plane of the objective lens. 25 The amplitude/phase images are retrieved from the interference images by band-pass filtering in the spatial frequency domain without zero-padding, followed by a Fourier-based phase unwrapping method. 26, 27 3-D RI maps are reconstructed iteratively based on optical diffraction tomography with direct interpolation in the Fourier domain and the positivity constraint. 28 All of the phase retrieval and 3-D reconstruction steps were performed on graphic processing units. To assess the spatial resolution of cTDM, we extracted cross sectional RI images through the center of the reconstructed RI tomogram of a specimen and profiled RI distributions along the optical axis and transverse directions. The edge response, defined as the distance between 10% and 90% of the maximum RI above the medium RI, was computed. The edge responses in the transverse and axial directions of RI images of 10 μm polystyrene beads were 0.35 and 1.5 μm, respectively. The axial edge response estimated from RI images of RBCs was about 1.0 μm. The voxel size of a reconstructed 3-D RI tomogram was 0.129 × 0.129 × 0.129 ðμm 3 Þ. Figure 1 shows a representative RI distribution of a normal RBC in three orthogonal sections.
RBC Sample Preparation and Data Acquisition
This study was approved by the Institutional Review Board of National Taiwan University Hospital, and an informed consent was obtained from each subject. We collected 172 hematologically normal RBCs from seven healthy subjects (six males, one female, mean age 23 AE 2 y/o) and 419 thalassemic RBCs from 27 adult thalassemia-minor patients (14 males, 13 female, mean age 59 AE 15 y/o). All patients had not received blood transfusions for at least 2 months prior to the time of participating the study. After the blood was drawn from a subject, it was stored in anticoagulant at room temperature (22°C) for less than 1.5 h before being imaged with cTDM. The blood sample was diluted 1∶4000 in phosphate-buffered saline containing 1% (wt/vol) of bovine serum albumin and gently placed on a glass slide to allow RBCs to settle on the surface. Five hundred interference images were captured at a speed of 180 fps under incident angles equally distributed within the AE65 deg range to obtain the 3-D RI tomogram of an RBC. About 15 RBCs were imaged for each subject, and the measurements took about 1 h. All of the experiments were performed at room temperature.
RBC Segmentation from 3-D RI Maps
We proposed an adaptive volume segmentation method, 3-D adaptive region-growing (3D-ARG), to delineate the precise Volume scaling is a resampling technique in computer vision. Based on the concept of multiresolution representation, trilinear interpolation was used as the scaling kernel to reduce the size of 3-D RI maps and expand the segmentation masks hierarchically until the finest resolution was achieved. This method has an advantage of significantly reducing the computational cost and complexity. In this study, the scaling level was set to three to promote efficiency and avoid the oversmooth problem.
Otsu's method is a clustering-based image thresholding algorithm that calculates the optimal threshold in separating the foreground (sample) and background (medium) areas with the minimum within-class variance 29 E Q -T A R G E T ; t e m p : i n t r a l i n k -; e 0 0 1 ; 6 3 ; 3 3 8 σ 2 w ðtÞ ¼ w b ðtÞσ 2 b ðtÞ þ w f ðtÞσ 2 f ðtÞ;
where w and σ 2 denote the weight and variance of the background (b) and foreground (f) separated by a threshold t, respectively. Otsu's thresholding was implemented as an initial step to obtain a rough sample region from 3-D RI maps at the smallest matrix size.
After the Otsu's method separated the two classes demonstrating a roughly bimodal histogram, the coordinate of the centroid, Cðx; y; zÞ, was estimated from the separated foreground by E Q -T A R G E T ; t e m p : i n t r a l i n k -; e 0 0 2 ; 3 2 6 ; 4 9 2 Cðx; y; zÞ ¼ 1 n
cðx; y; zÞ;
where cðx; y; zÞ denotes the coordinates of the foreground region and n is the total number of foreground voxels. 3-D region growing is a region-based segmentation method. 30 The first delineation was formed by continuously growing from the seed point C to adjacent voxels that were in the initial foreground found by Otsu's thresholding. Any unconnected artifacts can be eliminated at this step. Subsequently, the second and final delineation masks were made by growing from the voxels selected by the previous delineation. Whether or not to grow to adjacent voxels was determined by the RI difference between the voxel of interest and the maximum value in the Otsu's foreground region. Based on our experience, the maximum RI range of RBCs is ∼0.02. Therefore, the criterion for growing was set such that the RI of the newly connected Fig. 2 The flowchart of 3D-ARG. voxel should be within 0.02 of the maximum RI in the initial foreground region.
Calculation of Optical Indices and Geometric Indices
We measured the projection area and OV of each RBC from its phase image measured under normal incidence of the illumination beam. After reconstructing and delineating the 3-D RI map of an RBC, we calculated its average RI (RI avg ) from a 0.39-μm-thick slice around the focal plane to alleviate the problem of reduced RI near the cell boundary due to lower axial resolution. From the delineated 3-D mask of an RBC, fðx; y; zÞ, we obtained the contour and the total number of voxels identified as the RBC. Subsequently, we calculated the surface-area-tovolume ratio (S∕V), where S is the surface area and V is the volume. The sphericity index (SI) is expressed as E Q -T A R G E T ; t e m p : i n t r a l i n k -; e 0 0 3 ; 6 3 ; 5 6 8 SI ¼
In addition, changes of the RBC thickness with the radial position can be used to assess the cellular shape. To analyze the thickness distribution, we constructed a 2-D thickness map Tðx; yÞ [shown in Fig. 3(a) ] from fðx; y; zÞ by counting the number of voxels along the optical axis of the objective lens (i.e., z-axis) E Q -T A R G E T ; t e m p : i n t r a l i n k -; e 0 0 4 ; 6 3 ; 4 6 3 Tðx; yÞ ¼
fðx; y; zÞ:
The centroid of the RBC was obtained from fðx; y; zÞ using Eq. (2) and projected onto the x-y plane. We estimated the thickness as a function of the radial position along various radial directions. The radial position of a pixel in Tðx; yÞ was defined as its distance from the projection of the RBC centroid in the x-y plane, normalized to the distance between the projection of the centroid and the boundary of Tðx; yÞ in the corresponding direction to compensate for any irregular cellular shape. Finally, we averaged the thickness distributions over all radial directions to obtain an average radial distribution of the thickness, as shown in Fig. 3(b) . To evaluate the biconcave shape of RBCs, we defined an index Δ 75 to describe the difference between the central thickness and the thickness at three quarters of the normalized radial position E Q -T A R G E T ; t e m p : i n t r a l i n k -; e 0 0 5 ; 3 2 6 ; 7 5 2
where T avg is the average thickness of the entire RBC, T 75 is the average thickness at 75% of the normalized radial position, and T 0 is the thickness at the centroid of the RBC. The effective radius of the RBC (R avg ) was derived by averaging the distances between the projection of the centroid and the boundary of Tðx; yÞ over all radial directions.
Evaluation of the 3D-ARG Segmentation Method
To evaluate the agreement/differences between the manual delineation and the automatic 3D-ARG segmentation, linear regression and Bland-Altman plots were used to analyze six morphological features extracted directly from 3-D RI maps.
The performance of each of the features in distinguishing between healthy and thalassemic RBCs was evaluated using receiver operating characteristic (ROC) curves. To further enhance the prediction power, we used logistic regression (LR) to combine multiple optical and morphological indices and build a prediction model with the highest probability of distinguishing thalassemia. The most relevant parameters were selected using a sequential forward search based on the p-values for the goodness-of-fit test associated with diagnostic results. Predictive performances of various classifiers were evaluated using the area under the ROC curve (AUC). All the statistical analyses were performed with MedCalc (MedCalc software, Mariakerke, Belgium) in this study.
Results
Validation of Three-Dimensional Adaptive Region Growing
To evaluate the accuracy of segmentation by 3D-ARG, we constructed a 3-D digital RBC phantom based on Cassini ovals. 31 In Cartesian coordinates, the contour of the digital phantom in the x-z plane is described by E Q -T A R G E T ; t e m p : i n t r a l i n k -; e 0 0 6 ; 3 2 6 ; 6 2 8
To generate a Cassini oval, two focal points separated by a distance of 2a are set initially in the x-z plane. The contour of the oval consists of every point in the x-z plane that has the product of its distances to the two foci equal to b 2 . Finally, the contour is rotated around the z-axis by 180 deg to generate the oval surface. In this study, the RI of voxels in the phantom was assigned to be in the range of 1.340 to 1.400 and increasing from the periphery to the center. The RI of the outside medium was set to be 1.340 (Fig. 4) . The volume of the RBC phantom measured from the 3D-ARG segmentation result was 87 fL, which is the same as the expected value according to Eq. (6).
Evaluation of the Accuracy of the 3D-ARG Method
The contours of RBCs delineated using the 3D-ARG method were compared with those delineated manually (MD). (Fig. 6 ) and summarized in Tables 1 and 2 . Three derived indices including S∕V, SI, and Δ 75 are also listed in the tables. Results of linear regression showed excellent Note: SD, standard deviation; CI, confidence interval for the mean; MD, manual delineation; 3D-ARG, three-dimensional adaptive region growing. 
Performances of Various Indices to Distinguish Thalassemia
Both of the optical indices, OV and RI avg , revealed significant differences between patients and normal subjects. Results of OV measurements were 4.3 AE 0.7 fL for thalassemic RBCs and 5.9 AE 0.7 fL for healthy subjects (Student's t-test: p < 0.001), suggesting that the hemoglobin content of thalassemic subjects was 27% lower than that of healthy subjects. RI avg also demonstrated a significant difference between thalassemic and healthy RBCs (1.389 AE 0.008 versus 1.395 AE 0.006; Student's t-test: p < 0.001).
The ROC curves for classifying individual thalassemic RBCs are shown in Fig. 7 with the corresponding AUC listed in parentheses. Table 3 summarizes the diagnostic performance of the evaluated indices on a per-cell basis. It can be seen that OV achieved the highest accuracy of detecting thalassemia (AUC > 0.9). The S∕V and SI also demonstrated excellent ability to distinguish thalassemia (AUC > 0.8). The best multi-indices models built by LR included four indices: OV, S∕V, SI, and S. The models are characterized by the following linear equations: E Q -T A R G E T ; t e m p : i n t r a l i n k -; e 0 0 7 ; 3 2 6 ; 3 0 6 p manual ðxÞ ¼ −143.14 − 0.24 × OV þ 42.73 × S∕V þ 85.14
E Q -T A R G E T ; t e m p : i n t r a l i n k -; e 0 0 8 ; 3 2 6 ; 2 4 5
For classifying individual RBCs, AUCs of the two models with MD and 3D-ARG were 0.967 and 0.962, respectively. The diagnostic accuracy was 93.57% and 92.73%, respectively. Since in a clinical setting multiple RBCs can be imaged and a diagnosis is to be reached for each subject, we also evaluated the accuracy of diagnosing thalassemia with various indices on a per-subject basis; the results are summarized in Table 4 . The diagnostic accuracy of both the OV and LR models achieved 100% for both manual and 3D-ARG segmentations. 
Discussion and Conclusion
We successfully demonstrated that the developed 3D-ARG method enables automatic extraction of morphological parameters of RBCs from 3-D RI maps acquired with cTDM. Compared with the manual contouring performed by a physician, the 3D-ARG segmentation method overestimates the V, S, R avg , T avg , T 0 , and T 75 of the RBCs (Fig. 6 and Tables 1-2 ). There are two main reasons that may have caused the minor estimation bias in the morphological measurements. First, speckle noise intrinsic to cTDM due to the high spatial coherence of the light source introduces errors in both the amplitude and phase of the measured scattered field, causing artifacts after reconstruction. 32 Second, the axial resolution is relatively large (1 μm) due to the incomplete coverage of projection angles 28 and aberrations generated by optical components such as the high numerical-aperture objective lens. Despite these limitations, the results demonstrate that the developed 3D-ARG is a reliable automatic segmentation tool for distinguishing thalassemic RBCs from normal RBCs with an accuracy comparable to the time-consuming manual delineation by an expert physician. In addition, 3D-ARG has the advantage of quantifying various 3-D morphological indices rapidly from the delineation results rather than estimating parameters via 2-D QPI planimetry. [20] [21] [22] As summarized in Tables 1 and 2 , average values of morphological indices of healthy subjects including the V, S, R avg , T avg , T 0 , and T 75 are significantly higher than those of thalassemic patients (Student's t-test: p < 0.001). This phenomenon can be attributed to the smaller size of thalassemic RBCs than healthy ones. In addition, the thalassemic RBCs have significantly larger S∕V and Δ 75 and significantly smaller SI than normal ones (Student's t-test: p < 0.001). The differences in the three shape-related indices reflect the fact that the 3-D RI maps of most thalassemic RBCs are doughnut-shaped as shown in Figs. 3 and 5 . The elevated S∕V of thalassemic RBCs may indicate abnormalities in cell volume regulation and deformability. It is worth mentioning that for normal RBCs a larger S∕V is likely to promote efficiency in the exchange of oxygen and carbon dioxide. However, the deficient hemoglobin content of microcytic RBCs in thalassemic patients still causes hypoxia of tissues. 33 The AUC results in Tables 3 and 4 demonstrate that OV is the best single index to distinguish thalassemia. If contributions of other constituents of an RBC to the RI are ignored, OV is proportional to the dry mass of hemoglobin, which equals the average hemoglobin concentration multiplied by the volume of an RBC. The LR method shows excellent performance in distinguishing thalassemic from healthy RBCs since it utilizes an optimal set of features to build the prediction model. As shown in Table 3 , combining multiple indices improved the diagnostic accuracy of distinguishing individual thalassemic RBCs, compared with just using a single index. This demonstrates the major advantage of supplementing cTDM with 3D-ARG to automatically obtain 3-D morphological features of RBCs for comprehensive characterization of cellular shape and size. Because causes of various blood-related diseases differ, the method demonstrated in this paper has the potential to discriminate other blood disorders as well. Sickle cell disease, for example, is characterized by RBCs with significantly abnormal shapes and slightly different hemoglobin contents. 11 The hereditary spherocytosis is another blood disease with normal hemoglobin content and abnormal membrane structure. 17 We believe that building a multi-indices model based on automatically segmented 3-D RI maps of RBCs is a viable strategy for obtaining the optimal combination of morphological indices to better distinguish blood diseases than only using indices extracted from 2-D phase images or a single index.
Other high-resolution imaging techniques, such as the scanning electron microscopy (SEM), confocal microscopy, and third-harmonic generation (THG) microscopy, are also capable of visualizing the shape of RBCs at high spatial resolution. [34] [35] [36] SEM has an order of magnitude higher spatial resolution, but the cell fixation and labeling processes are time consuming and may alter the shape of cells. Obtaining 3-D images of RBCs using confocal microscopy or THG is time-consuming because of the required point-scanning process. In addition, the cost of a femtosecond laser source required for THG imaging is prohibitively high for clinical examinations. cTDM is more cost effective and better suited to providing 3-D morphological information of unstained living cells almost in their natural state. In addition, the hemoglobin content can be obtained simultaneously from the 2-D phase image acquired under normal incidence of the illumination beam.
Since living RBCs were analyzed in the study, it is necessary to discuss effects of dynamic changes in cellular morphology. First, to find out whether there is significant change in RBC volume during the 1 h measurement time, we analyzed the correlation between the volume and measurement time of RBCs in data acquired from three healthy volunteers. In each dataset, the extracted RBC volumes were normalized to the volume of the first measured RBC, as shown in Fig. 8(a) . Since the slopes of linear regression approach zero, we conclude that no apparent change in the RBC volume was observed during the 1 h measurement time. Interestingly, Fig. 8(b) demonstrates that the SI of RBCs in the three datasets decreased by an average of 7% in 1 h. This might be caused by gradual flattening of RBCs on the glass slide. Second, the flicking of the RBC membrane at the time scale of 2 s is related to biophysical properties of the membrane 37 and has been quantified with QPI to range from 49 to 60 nm. 16 Considering the thickness of healthy RBCs being about 2 μm, the flicking causes less than 3% fluctuations in the volume. Therefore, it was ignored in this study. Whether the morphological dynamics provide additional information for diagnostics requires further research.
The reconstruction method used in the study assumes the Rytov approximation, which is limited to weakly scattering objects with a low phase gradient and works independently of the object size. 14, 38 The validity condition of applying the Rytov approximation to optical diffraction tomography of biological cells has been discussed in Refs. 38 and 39. In summary, the local variation of RI in an object over the length scale of wavelength, Δn, needs to be much less than one. In the results of the current study, the maximum Δn in an RBC is in the range of 0.032 to 0.061. Therefore, it is appropriate to apply the Rytov approximation. In addition, human erythrocytes lack cell nucleus and organelles and mainly consist of hemoglobin uniformly distributed in the cytoplasm. Since the purpose of this study is to distinguish healthy and thalassemic erythrocytes via the morphometric analysis, the detailed structure of RBCs such as cell membrane is ignored. Previous studies on light scattering properties of biological cells 40 and RBCs 41 have shown that the scattering strength of cells is dominated by forward scattering, and backward scattering (i.e., a scattering angle larger than 90 deg) is more sensitive to RI fluctuations with sizes similar to or smaller than the wavelength. To confirm that collecting scattered fields with scattering angles below 65 deg is sufficient to reconstruct RI tomograms of RBCs for morphometric analysis, we estimated the angular scattering intensity distribution of RBCs by the finite-difference time-domain method, 42 using the RI tomogram of a representative RBC obtained in the study. We found that the forwardly scattered light in the scattering angle range below 65 deg accounted for 99.99% of the total scattering.
In conclusion, we successfully developed an automatic segmentation method for extracting RBCs from 3-D RI maps acquired with cTDM and demonstrated significant differences in morphometric features between healthy and thalassemic RBCs without staining. The multivariable LR method shows perfect accuracy for distinguishing between healthy subjects and patients with thalassemia. With the tiny amount of blood sample required and convenient label-free 3-D imaging capability, we believe that this technique could be beneficial for screening thalassemia in newborns. In addition, using cTDM with the newly developed automatic segmentation tool has the potential to identify other blood diseases associated with abnormal hemoglobin content and/or morphology of RBCs and to facilitate the 3-D morphometric analysis of RBCs in these diseases.
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